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We show that, in the presence of bulk masses, sterile neutrinos propagating in large extra dimen-
sions (LED) can induce electron-neutrino appearance effects. This is in contrast to what happens
in the standard LED scenario and hence LED models with explicit bulk masses have the poten-
tial to address the MiniBooNE and LSND appearance results, as well as the reactor and Gallium
anomalies. A special feature in our scenario is that the mixing of the first KK modes to active
neutrinos can be suppressed, making the contribution of heavier sterile neutrinos to oscillations
relatively more important. We study the implications of this neutrino mass generation mechanism
for current and future neutrino oscillation experiments, and show that the Short-Baseline Neutrino
Program at Fermilab will be able to efficiently probe such a scenario. In addition, this framework
leads to massive Dirac neutrinos and thus precludes any signal in neutrinoless double beta decay
experiments.
I. INTRODUCTION
Unambiguous measurements of neutrino oscillations
in the past two decades have provided clear evidence
that neutrinos have non-vanishing masses and that the
mass eigenstates are non-trivial admixtures of the fla-
vor eigenstates. In fact, it is well understood that there
are two small but quite different mass splittings, lead-
ing to flavor oscillations at macroscopic distances. For
neutrino energies in the range of a few MeV the smaller
(“solar”) mass splitting ∆m221 induces neutrino oscilla-
tions for baselines of few hundred kilometers, while the
larger (“atmospheric”) splitting ∆m231 would induce os-
cillations at baselines of about one kilometer. More-
over, the Pontecorvo-Maki-Nakagawa-Sakata (PMNS)
neutrino mixing matrix [1, 2] is found to have large off-
diagonal entries, at variance with the quark Cabibbo-
Kobayashi-Maskawa (CKM) mixing matrix that has only
small off-diagonal entries.
Despite the well understood 3-neutrino paradigm,
there are indications of neutrino oscillations at very short
baselines, that would call for additional mass splittings,
beyond the solar and atmospheric ones aforementioned.
Perhaps the most intriguing is the one associated with
ν¯µ → ν¯e appearance at the LSND experiment [3–7],
and its recent reincarnation at the MiniBooNE experi-
ment [8, 9]. MiniBooNE ran in both neutrino and an-
tineutrino modes, and in each channel an excess was
observed. In the neutrino mode, the excess was found
mostly at low neutrino energies, below 475 MeV, while in
the antineutrino mode the excess events range from 200
to about 1250 MeV. If these anomalies were to be inter-
preted as neutrino oscillations, they would concurrently
point to a much larger mass splitting ∆m2 ∼ 1 eV2, and
an effective mixing angle sin2 2θµe = 4|Ue4Uµ4|2 ∼ 0.003,
where U is the PMNS matrix with one additional sterile
neutrino.
A different anomaly, dubbed “reactor antineutrino
anomaly”, is associated with an apparent reduction of
the flux of reactor electron anti-neutrinos with respect
to its expected value [10, 11], something that may be
interpreted as neutrinos being converted into sterile neu-
trinos at short propagation distances. However, there
has been some observation of isotope dependence of this
flux reduction [12] that, if verified, will weaken the case
for eV sterile neutrinos as an explanation of the reac-
tor anti-neutrino anomaly. On the other hand, there
is a similar discrepancy between expected and observed
electron-neutrino events in the calibration of Gallium ex-
periments [13–15]. Both Gallium and reactor anomalies,
if interpreted via neutrino oscillations, point to sterile
neutrinos with ∆m2 ∼ 1 eV2 or higher and an effective
mixing angle sin2 2θee = 4|Ue4|2 ∼ 0.1.
Beyond these observational issues, the mechanism be-
hind neutrino masses is still unknown. An interesting
realization comes from models of flat large extra dimen-
sions (LED), in which right-handed neutrinos are allowed
to propagate in the bulk of the extra dimensions, while
the Standard Model (SM) fermions are restricted to live
in the 4-dimensional brane [16–25]. The neutrino Yukawa
couplings become tiny due to a volume suppression, lead-
ing to naturally light Dirac neutrinos. As a by-product
of this type of models, a tower of Kaluza-Klein (KK)
sterile neutrinos arises with masses proportional to the
inverse radius R of the extra dimension. Only the lower
mass states of the tower mix in a relevant way with the
SM-like neutrinos. When R ∼ µm, these states are at
the eV scale and thus the anomalies observed in short-
baseline oscillation experiments could in principle be a
consequence of this neutrino mass generation mechanism.
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2Such mechanism in LED is quite appealing, and can
lead to neutrino disappearance from oscillations into ster-
ile neutrinos at short baseline experiments. However,
it cannot explain νµ → νe appearance effects [21], as
suggested by LSND and MiniBooNE data. Models with
more sterile Dirac fermions or extra dimensions with dif-
ferent radii are proposed in Ref. [21] for this. Adding
Majorana mass terms [26–30] may serve as an another
direction to be fully explored. In this article, we shall
consider the possibility of adding Dirac bulk mass terms
for the sterile neutrinos to accommodate neutrino ap-
pearance effects. These bulk mass terms were introduced
before, e.g. see Refs. [26–28], but here we show explic-
itly their effects on oscillations at short baselines, par-
ticularly for the νµ → νe appearance mode. It is worth
mentioning that the generation of neutrino masses in the
deconstructed LED model with bulk mass terms is anal-
ogous to the clockwork mechanism for the obtention of
the small neutrino Yukawa couplings [31]. Importantly,
the LED scenario with bulk masses, that will be called
here “LED+”, leads to weak effects in the long-baseline
neutrino experiments, but it can be tested in the future
Short-Baseline Neutrino Physics Program (SBN) at Fer-
milab [32]. It would also lead to signatures at the Katrin
Experiment [33].
This article is organized as follows. In section II we de-
fine our framework. In section III we concentrate on the
phenomenology of our model, evaluating the constraints
from existing data and studying the possible explana-
tions of the observed anomalies in neutrino oscillation
experiments. We also estimate the impact of LED+ in
future neutrino oscillation experiments. In section IV,
we discuss the constraints from Higgs decays and cos-
mology. We reserve section V for our conclusions. In
Appendix A we show an interesting correspondence of
this model with the linear dilaton scenario while in Ap-
pendix B we present the details regarding the Minimal
Flavor Violation (MFV) assumption that will be used in
the analysis of the model. In Appendix C we present
details useful for the estimate of the constraints coming
from kinematical tests of neutrino masses.
II. NEUTRINOS IN LED WITH DIRAC BULK
MASSES
We consider a 5-dimensional flat space compactified on
a S1/Z2 orbifold, with three generations of right-handed
neutrinos propagating in the bulk, and SM fermions re-
stricted to the 4D brane. Regarding the SM singlets, it
is more convenient to work on an “intermediate” mass
basis in which the flavor mixing has already been diago-
nalized. In such basis, the kinetic and mass terms in the
action are given by
Sf =
∫
d4x dz
[
iΨ¯iΓ
A
↔
∂AΨi − ciΨ¯iΨi
]
, (1)
with ΓA = (γµ, iγ5), z ∈ [0, piR] and ci being the bulk
mass parameters. Note that lepton number is conserved
in our Lagrangian, so no Majorana mass term is present.
Here we will use α, β to denote flavor, i, j for the “inter-
mediate” mass basis, and n,m will be reserved to specify
the KK-mode. The 5D fermion Ψi can be decomposed
as
ΨL,Ri =
∑
n
ψL,Ri,n (x)f
L,R
i,n (z), (2)
with ΨL,Ri = PL,RΨi and γ5Ψ
L,R
i = ∓ΨL,Ri . To have the
Dirac action canonically normalized in four dimensions,
the wave functions fL,Ri,n (z) should satisfy the following
normalization condition∫ piR
0
dz fL,Ri,n (z)f
L,R
i,m (z) = δmn. (3)
The orbifold symmetry allows two choices of bound-
ary conditions [34]: either all left-chiral fields are odd
functions (Dirichlet boundary conditions) and all right-
handed ones are even functions, or vice-versa. In or-
der to generate neutrino masses, there should be a right-
handed chiral zero mode, therefore we will use the Dirich-
let boundary conditions for the left-handed modes on
both branes. Then, we get a right-handed massless zero
mode with wave function
fRi,0(z) =
√
2ci
e2piRci − 1e
ciz, (4)
while for all other KK-modes we obtain
fLi,n(z) =
√
2
piR
sin
(nz
R
)
, (5)
fRi,n(z) =
√
2
piRm2i,n
[
ci sin
(nz
R
)
+
n
R
cos
(nz
R
)]
, (6)
(min)
2 =
( n
R
)2
+ c2i . (7)
The bulk fermions will couple to SM neutrinos through
the Yukawa terms in the IR brane [35]. In the “interme-
diate” basis, the Yukawa terms read
SY = −
∫
d4x
3∑
i=1
(
yiL¯iH˜Ψ
R
i (x
µ, 0) + h.c.
)
(8)
= −
∫
d4x
3∑
i=1
∞∑
n=0
(
Y inL¯iH˜ψ
R
i,n(x
µ) + h.c.
)
,
with H˜ = iσ2H
∗ and the effective coupling Y in =
yif
R
i,n(0). We define yi = λ
i/
√
M5 with M5 the fun-
damental scale of the extra dimensional theory and λi
being free dimensionless parameters. M5 is related to
the Planck scale by
M2Pl = M
2+d
5 Vd, (9)
3where d is the number of extra dimensions and Vd is their
volume. Note that to have both the 5D Yukawa matrix
and the singlet bulk mass matrix diagonalized in the “in-
termediate” basis, we have assumed alignment between
these two matrices that is equivalent to assume a Minimal
Flavor Violation (MFV) scenario (see Appendix B for de-
tails). This assumption is not essential for this scenario
to work, but it will greatly simplify the phenomenolog-
ical analysis. For simplicity, the Yukawas and the bulk
masses in the intermediate basis are taken to be real.
Therefore, there are no additional CP phases besides the
standard δCP appearing in a 3-neutrino framework.
We define the relation between the flavor and “inter-
mediate” bases as in [22], namely
νLα,0 = Uαi ν
L
i,0, Ψα = RαiΨi. (10)
In the above, Uαi is the PMNS matrix for the standard
three flavor neutrino model and R is a matrix that di-
agonalizes the bulk masses and Yukawa couplings. The
mass matrix Mnmi in the intermediate basis reads
Mi =

vY i0 0 · · · 0
vY i1 m
i
1 · · · 0
... 0
. . . 0
vY in 0 · · · min
 , (11)
where v = 174 GeV is the Higgs vev.
For one extra dimension, the Yukawa couplings of the
zero and KK-modes are given by
Y i0 = λ
i
√
2
M5
√
ci
e2cipiR − 1 ,
Y in = λ
i
√
2
M5piR
√
n2
n2 + c2iR
2
. (12)
We are interested in sterile neutrinos with masses of
the order of 1 eV, implying at least one extra dimen-
sion with size 1/R = O(1 eV). If this were the only ex-
tra dimension, consistency with Eq. (9) would demand
M5 ' 1010 GeV, and hence values of λi = O(10−4) would
be necessary in order to obtain the correct active neutrino
masses for ci = O(1/R). Alternatively, one can think of
models in which neutrinos propagate in d extra dimen-
sions, where the size of the additional extra dimensions
is much smaller than R, Rk>1  R1 ∼ R. In such a case,
under the assumption that the effects of the heavier KK
modes from the extra dimensions with small radii Rk>1
can be neglected, one obtains
Y i0 = λ
i
√
2
Md5 Vd
√
cipiR
e2cipiR − 1 = λ
i M5
Mpl
√
2cipiR
e2cipiR − 1 ,
Y in = λ
i
√
2
Md5 Vd
√
n2
n2 + c2iR
2
= λi
M5
Mpl
√
2n2
n2 + c2iR
2
,
(13)
To derive the second equality in Eq. (13) we have used
Eq. (9). We can now lower the value of M5 in order to ob-
tain values of λi = O(1). In our scenario with small bulk
mass terms, for definiteness, we fixed M5 = 10
6 GeV.
Note that with more than one extra dimension, we re-
quire not only Dirichlet boundary conditions for the left-
handed modes, but also that the derivative of the right-
handed bulk fermion wavefunction with respect to coor-
dinates in Rk>1 directions are zero at the boundaries.
The boundary condition applied in this way would allow
for only one zero mass mode with the wavefunction given
above.
We define the left rotation that diagonalizes the mass
matrix Mi in the intermediate basis as
Wnn
′
i (MiM
†
i )
n′m′Wmm
′
i = m
2
i,nδnm, (14)
where m2 is a diagonal matrix in KK space. Thus, the
final left rotation involving active neutrinos that diago-
nalizes the full mass matrix is given by
U0nαi = UαiW 0ni . (15)
Note that the other entries of Unmαi are not observable,
as the sterile neutrinos do not couple to the electroweak
gauge bosons. The oscillation amplitude among active
neutrinos is given by
A(να,0 → νβ,0;L) =
∑
i,n
U0nαi (U0nβi )∗ exp
(
i
m2i,nL
2E
)
,
(16)
where L is the experiment baseline, E is the neutrino
energy, and the superscripts indicating left-handedness
have been dropped. In our numerical simulations, we
shall include the matter effects by adopting a similar pro-
cedure as the one in Refs. [20–22], namely, we rotate the
matter potential into the intermediate basis and include
its effects in the diagonalization of the KK modes.
Since the PMNS matrix has been fairly well con-
strained from neutrino oscillation experiments, the ef-
fects of the KK modes can only be a perturbation over
the standard three neutrino scenario. Therefore the 3×3
block U00αi would present a slight deviation from unitary.
To connect this discussion more concretely with current
neutrino data, first we note that the measured atmo-
spheric and solar mass squared splittings correspond to
∆m2atm ' m23,0 −m21,0 and ∆m2 ' m22,0 −m21,0, respec-
tively. Moreover, the observed approximate unitarity of
the PMNS matrix [36], requires the deviations from uni-
tarity to be at most about 10%. That translates into a
bound
3∑
i=1
|U00αi |2 & 0.9 (17)
for each flavor α. In Fig. 1 we present isocontours of the
masses of the 0-mode (red) and 1-mode (dashed blue) in
the radius R vs. cR plane. The case c = 0 is the LED
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FIG. 1: The mass of the zero mode (red lines) and of the first
KK mode (dashed-blue lines) as a function of the radius R and
the bulk mass c times R. We fix the scale M5 = 10
6 GeV,
λi = 0.66.
scenario without bulk mass term, while R → 0 should
recover Dirac neutrinos with the standard 3-neutrino
framework. In the whole parameter space shown, the
approximate bound from Eq. (17) is satisfied.
Based on Fig. 1, we define three benchmark points
listed in Table I that will be used later on to perform
a phenomenological study of the model. Point 1 realizes
the normal ordering of the left-handed neutrinos, pre-
senting relatively light KK modes with sizable mixing to
the active neutrinos. In point 2, on the other hand, active
neutrinos have inverted mass ordering, while the first KK
mode masses are below 1 eV and the KK mixing is small.
Finally, point 3 presents a degenerate neutrino spectrum
(normal ordering) with KK modes around the eV scale
and with large mixing to active neutrinos. A distinctive
feature between LED without bulk masses and LED+ is
the relation between KK mixing and the masses of active
neutrinos and KK modes. In LED without bulk masses,
the heavier the active neutrino is, the larger is the mixing
with KK modes, as explicitly shown later on in Eq. (18).
Moreover, the first KK modes in each tower necessarily
have the larger mixings with the active neutrinos (as ex-
emplified in Eq. (18) and by the crosses in Fig. 2). In
LED+ instead, the presence of non-zero ci’s can dramat-
ically change the above behaviors. To exemplify the first,
we present point 2 in Table I, where the lightest active
neutrino has the largest mixing with the KK modes. For
the latter, the turquoise circles in Fig. 2 demonstrate
that a non-zero ci can significantly suppress the mixing
between active neutrinos and the first KK modes.
III. NEUTRINO PHENOMENOLOGY
The phenomenology of neutrinos in large extra dimen-
sions was widely studied for models without bulk mass
{Pa, νi} R
eV−1
ciR λ
i
m2i,0
eV2
m2i,n′
eV2
|W 0n′i |2
{P1, ν1} 1.9 4.24 0.42 ≈ 0 9.3 9.0 · 10−5
{P1, ν2} 1.9 1.19 2.0 7.6 · 10−5 0.66 0.0196
{P1, ν3} 1.9 −0.037 0.66 2.5 · 10−3 0.27 0.0169
{P2, ν1} 6.4 −1.1 0.27 2.5 · 10−3 0.056 5.9 · 10−3
{P2, ν2} 6.4 −1.2 0.25 2.6 · 10−3 0.066 3.8 · 10−3
{P2, ν3} 6.4 3.2 1.1 ≈ 0 0.64 0.01
{P3, ν1} 1.8 0.43 0.42 1.9 · 10−4 0.37 4.4 · 10−3
{P3, ν2} 1.8 1.0 2.4 2.6 · 10−4 0.65 0.0361
{P3, ν3} 1.8 0.41 1.7 2.7 · 10−3 0.37 0.0576
TABLE I: Benchmark points used in the simulation, where
Pa for a = {1, 2, 3} means point 1, 2, 3. The index i is the
“intermediate basis” index, we fixed M5 = 10
6 GeV and the
index n′ represents the KK mode that has the largest mixing
with active neutrinos.
terms (see e.g.[21–23, 37–39]). In these realizations, the
most striking signature is the disappearance of active
neutrinos in short baseline oscillation experiments with a
very regular pattern of masses and mixings. The appear-
ance mode is however absent in such studies precisely
due to the regular behaviour of the KK spectrum and
the structure of the mixing angles. In particular, there
is sizable mixing among flavors of the same KK mode
(say, “horizontally”), or among different KK modes of
the same flavor (“vertically”). “Diagonal” mixing, that
is, between different KK modes of different flavors is prac-
tically absent. Moreover, the “horizontal” mass splittings
are always close to the atmospheric or solar mass split-
tings, and thus cannot mediate, e.g., νµ → νe appearance
at short baselines as suggested by the LSND and Mini-
BooNE anomalies.
To see this explicitly, we calculate the expression for
Eq. (16) in the limit ci = 0. Using Eq. (7) and the
approximation
W 0ni ∼
vY in
min
∼
√
2mi,0
(n/R)
, (18)
for n > 0, and W 00i ∼ 1, we have
A(να,0 → νβ,0;L) ∼
3∑
i=1
UαiU
∗
βi exp
(
i
∆m2i,0L
2E
)
+ 2
3∑
i=1
∞∑
n=1
UαiU
∗
βi
m21,0
(n/R)2
exp
(
i
n2L
2R2E
)
+ 2
∑
i=2,3
∞∑
n=1
UαiU
∗
βi
∆m2i,0
(n/R)2
exp
(
i
n2L
2R2E
)
(19)
with ∆m2i,0 = m
2
i,0 − m21,0 for i = 2, 3 to be the solar
5and atmospheric mass splitting, respectively. The first
term in this approximation gives the standard 3-active
neutrino oscillation result. For the appearance mode,
α 6= β, the second term vanishes, due to the unitarity
of the PMNS matrix, and the third term contribution is
suppressed by ∆m2i,0R
2, as pointed out in Ref. [21].
The presence of bulk mass terms leads to a qualita-
tively different picture. As can be seen in Eqs. (7) and
(12), a non-zero ci will perturb the regularity of the
masses in the corresponding KK tower, therefore enlarg-
ing the “horizontal” splittings for n ≥ 1. To exemplify
this effect we show in Fig. 2 the masses and mixings
|W 0ni |2 between neutrino νi,0 and the nth KK-mode for
the benchmark point 1 (see Table I) and i = 1, 2. More-
over, in Fig. 3 we show how the masses of the first three
KK modes and their mixings with νi,0 change as a func-
tion of ciR. Notice that not only the KK mode mass but
also the mixing with active neutrinos changes drastically
for different values of the bulk masses. As it is shown
in Fig. 3, for increasing values of the bulk masses, the
mixing with the first KK modes can be suppressed, thus
enhancing the relative importance of the heavier modes.
The upper panel of Fig. 4 shows the oscillation proba-
bilities at short baselines for the three benchmark points
given in Table I. As can be clearly seen from Fig. 4, bulk
mass terms can lead to appearance at short-baseline neu-
trino experiments, possibly providing an explanation for
the LSND and MiniBooNE anomalies.
We also expect that LED+ scenarios may have an im-
pact in long-baseline oscillation experiments. The best
way to look for heavy KK mode effects in long-baseline
experiments would be in νµ disappearance, as νµ → νe
appearance is suppressed by θ13 and also depends on δCP
and the mass ordering. The LED+ effects on disap-
pearance experiments yield fast oscillations that trans-
late into an overall normalization change. For heavier
KK modes, oscillations will also happen at the near de-
tector and their effect will partially cancel in the near-
to-far ratio [40]. In the lower panel of Fig. 4 we illustrate
the νµ disappearance effects in long-baseline experiments
by showing the ratio of νµ → νµ oscillation probabilities
between the near and far detectors. Notice that point 1
leads to a smaller effect due to the fact that active neutri-
nos mix with less KK modes compared to point 2 because
of different values of ci and has a smaller mixing with a
single KK mode compared to point 3.
We would also like to point out two important effects
that should be taken into account when calculating the
oscillation probabilities. First, the absolute values of
∆m231 should be slightly different between normal (points
1 and 3) and inverted hierarchy (point 2) cases in order
to get the minimum of the oscillation at the same energy.
This is due to the fact that the quantity that is measured
in the νµ → νµ channel is the so-called |∆m2µµ|, which is a
function of the atmospheric and solar splittings, as well
as the PMNS mixing angles. See Ref. [41] for detailed
explanations. Second, to obtain percent level precision,
for all benchmark points chosen, one needs to consider
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FIG. 2: Pattern of KK masses and mixings for the benchmark
point 1 in Table I with i = 1 (turquoise) and i = 2 (red). For
comparison, we also present the equivalent pattern for LED
without bulk mass terms (crosses).
about 20 KK modes. This contrasts strongly with the
LED scenario without bulk mass terms, in which 5 or 6
KK modes are enough to get to percent level precision
calculations.
Below, we will analyze the current constraints com-
ing from MINOS/MINOS+, NOνA, T2K, short baseline
reactor experiments, LSND and MiniBooNE, as well as
the future sensitivity of DUNE and the Short Baseline
Neutrino Program at Fermilab. In principle, the Ice-
Cube experiment could also set a strong constraint on
sterile neutrino models [42] via a MSW resonance that
would enhance active to sterile conversion when neutri-
nos cross the core of the Earth [43]. Nevertheless, we
do not consider the IceCube sensitivity here for the fol-
lowing reason. As can be seen in Ref. [44], IceCube and
MINOS/MINOS+ have comparable sensitivities to con-
strain sterile neutrinos with ∆m2 ∼ 1 eV2. Nevertheless,
for values of ∆m2 larger than ∼ 1 eV2, the sensitivity of
IceCube degrades quickly, as the MSW resonance moves
to higher energies for which the flux of atmospheric neu-
trinos becomes smaller. Since in our scenario it is typical
that many KK modes above 1 eV have sizeable contribu-
tions to the oscillation probability, we expect the IceCube
bound to be weaker than MINOS/MINOS+. Therefore,
in this work we shall concentrate on accelerator and re-
actor oscillation experiments only.
A. Past and present oscillation experiments
1. MINOS and MINOS+
The standard LED scenario can be probed at long-
baseline neutrino oscillation experiments. The recent
MINOS analysis [39] using data collected from 2005 to
2012 excludes large extra dimension models with R >
(0.5 eV)−1 at 90% C.L., for a massless lightest neutrino.
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FIG. 3: Masses and mixings with active neutrinos of the
first three KK modes as a function of the bulk mass param-
eter times the radius of the extra dimension, ciR. The other
LED+ parameters are taken to be R = 1.9 eV−1, λi = 2.0
and M5 = 10
6 GeV.
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FIG. 4: Oscillation probabilities for the three benchmark
points given in Table I for short and long baselines as indi-
cated in the plots. In the lower panel, the ratio of far-to-near
detector probabilities is presented.
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FIG. 5: Near-to-far ratio of events for the νµ → νµ disap-
pearance channel at MINOS and MINOS+, normalized to 1
in the absence of oscillations. The red line is the expected ra-
tio for the standard 3-neutrino framework. The light red band
shows a 5% systematic uncertainty, while the blue band cor-
responds to the statistical uncertainty assuming full run [39].
Black, green and magenta are the ratios for points 1, 2 and
3, respectively.
In addition, it is expected that MINOS+ will have a simi-
lar sensitivity to probe large extra dimension models [44].
As explainied above, the LED+ effects on disappearance
experiments yield fast oscillations that translate into an
overall normalization change. The experimental sensitiv-
ity will therefore be limited by the overall normalization
uncertainty which is about 5% [39].
To estimate the MINOS and MINOS+ sensitivity to
LED+ models, we consider the combined flux, assuming
10.71×1020 and 5.8×1020 POT for the low and high en-
ergy beam configurations, respectively. The energy res-
olution and efficiency were taken from [45]. In Fig. 5,
we illustrate the LED+ effects for the three benchmark
points (Table I) which have R−1 between 1.4 − 6.5 eV.
We show the near-to-far νµ → νµ ratios (normalized to
1 in the absence of oscillations) together with a 5% nor-
malization uncertainty (light red band) and the corre-
sponding statistical uncertainty (light blue band) assum-
ing full run [39]. Note that the normalization uncertainty
is fully correlated among energy bins, so it only applies to
smeared fast oscillations, which is the case for the three
benchmark points. The benchmark points 1, 2, and 3
are depicted as the black, green and magenta lines, re-
spectively. The first two are consistent within errors with
the standard three flavor neutrino prediction (red line),
while point 3 is marginally consistent (see also Fig. 11
later on).
2. NOνA and T2K
The current NOνA and T2K experiments may also
constrain large extra dimension scenarios. Their sen-
7sitivity to LED without bulk masses was estimated in
Ref. [22]: no improvement over MINOS sensitivity would
be achieved. The reason is the following. The effects of
KK mode oscillations in the νµ → νµ channel are more
sizable at higher energies away from the atmospheric
minimum. However, NOνA and T2K are narrow band
beam experiments, having the neutrino spectrum very
localized at the atmospheric minimum. Although this
improves the sensitivity to the standard 3-neutrino oscil-
lation parameters, it degrades the sensitivity to LED.
To exemplify the impact of LED+ in these experi-
ments, we present in Fig. 6 the near-to-far ratio of events
in NOνA (normalized to 1 in the absence of oscilla-
tions) for 3×1021 protons on target, and 14 kton fiducial
mass [46–49] for the three benchmark points. Points 1, 2,
and 3 are depicted by the blue, green and magenta his-
tograms, respectively, while the red line corresponds to
the standard 3-neutrino scenario. Both systematic (5%)
and statistical uncertainties are shown as the red and
blue bands, respectively. Notice that Fig. 6 only depicts
neutrino energies lower than about 3.5 GeV, since above
those energies the statistical error is fairly large due to
the narrow band beam that peaks at the atmospheric os-
cillation minimum, as discussed above. Large deviations
from the standard neutrino oscillation scenario happen
at high energies, see Fig. 4, not shown in Fig. 6, and
hence NOνA has limited sensitivity to test our bench-
mark LED+ scenarios. One could wonder about what
happens to the appearance channel, since LED+ may in-
duce non-negligible νµ → νe transitions. However, the
appearance channel has low statistics and a strong de-
pendence on θ23, δCP and the mass ordering, hence it is
not expected to put any competitive bound on LED+.
The same features are present in T2K, and therefore we
do not expect either of these two experiments to substan-
tially improve MINOS and MINOS+ sensitivities to the
LED+ scenario.
3. Reactor experiments and the Gallium anomaly
The reactor antineutrino anomaly is a discrepancy be-
tween observed and predicted reactor antineutrino fluxes.
At present, based on Refs. [10, 11], the measured neu-
trino flux at short baseline reactor experiments is 6%
below the theoretical flux prediction, with an associated
uncertainty of about 2%. Recently, the Daya Bay analy-
sis on the flux isotope dependence has shown that most
of this discrepancy comes from the 235U isotope [12, 50].
Besides, other authors have proposed the use of a larger,
more conservative theoretical uncertainty of 5%, based
on considerations of nuclear effects [51]. While this chal-
lenges the theory prediction for the fluxes and its asso-
ciated uncertainties, the solution to the reactor anomaly
puzzle is still far from clear. Here, we adopt an agnos-
tic perspective and show the sensitivity of short baseline
reactor neutrino experiments to LED+.
As it has been shown in Ref. [37], the reactor anomaly
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FIG. 6: Near-to-far ratio of events for the νµ → νµ disap-
pearance channel at NOνA, normalized to 1 in the absence of
oscillations. The red line is the expected ratio for the stan-
dard 3-neutrino framework. The light red band shows a 5%
systematic uncertainty, while the blue band corresponds to
the statistical uncertainty assuming 3× 1021 protons on tar-
get. Black, green and magenta are the ratios for points 1, 2
and 3 in Table I, respectively.
could in principle be explained by LED models via ν¯e
mixing with KK modes. Similarly, this could also be
explained in LED+ models. We present in Fig. 7 the
predicted ratio of events between our scenario and no
oscillations (as is the case for the standard 3 neutrino
framework) for the three benchmark points in Table I
and a representative baseline of L = 10 m. The ratio be-
tween the total number of observed to expected events
is depicted by the orange dashed line, with a 5% asso-
ciated theoretical uncertainty (light red band). Point 1
leads to 5% disappearance ratio, point 2 allows for about
3%, while point 3 shows around 10% disappearance in
ν¯e. Therefore, taking the aforementioned 2% theoreti-
cal error on the flux prediction, point 1 could in princi-
ple explain the reactor anomaly, point 2 would predict
too little disappearance, while point 3 would predict a
slightly larger suppression of the flux. If the theoretical
error were taken to be larger, for instance 5% [51], then
all three points would be in agreement with the reactor
data.
In a similar fashion, the Gallium anomaly is a discrep-
ancy between the measured and theoretically predicted
number of νe events in solar neutrino calibration exper-
iments [52–55]. There, νe is emitted by a radioactive
source and detected in a Gallium tank that contains the
source. Although the νe flux is fairly well known, the
detection cross section depends on nuclear physics form
factors with relatively large uncertainties [56, 57]. The
ratio between measured and expected number of events
is R = 0.84+0.054−0.051 [58]. Thus, points 1 and 2 are consis-
tent with the Gallium anomaly within 2σ, while point 3
would provide a better fit to these experiments.
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FIG. 7: Ratio between LED+ and standard oscillations for
ν¯e → ν¯e disappearance events at a reactor neutrino experi-
ment for an illustrative baseline of 10 m. The orange dashed
line is the ratio between the total number of observed to ex-
pected events. The light red band shows a 5% theoretical
uncertainty. The red, black, green and magenta lines display
the ratios for the standard scenario, and benchmark points 1,
2 and 3 in Table I, respectively.
4. LSND and MiniBooNE
As we emphasized above, adding Dirac bulk mass
terms splits the mass degeneracy between the three tow-
ers of KK modes and may lead to νµ → νe appearance,
thereby providing a possible explanation for the anoma-
lies observed at LSND and MiniBooNE. We examined
the event excess for the three benchmark points given in
Table I in light of the full LSND [7, 59] and MiniBooNE
data [8], as shown in Fig. 8. As we do not consider CP
violation in the KK sector (we take all Yukawas and ci
to be real), the appearance probabilities νµ → νe and
ν¯µ → ν¯e are nearly identical (apart from the small im-
pact of matter effects).
For LSND (upper panel), the background is shown as
the shaded histogram. We see clearly that point 3 (ma-
genta line) could explain the excess quite well, while point
1 (black line) gives rise to a smaller excess and point
2 (green line) essentially predicts no excess at all. We
will discuss the impact of LED+ on MiniBooNE in a bit
more detail.∗ For the neutrino mode, points 1 (black),
2 (green) and 3 (magenta) yield approximately 65, 8,
and 176 excess events, respectively, in the region with
neutrino energy from 200 MeV to 1200 MeV. For the
antineutrino mode, the excess events are 33, 4, and 89,
respectively. Point 2 predicts very little excess due the
∗ Our simulation of MiniBooNE is more reliable than the LSND
one, as we follow closely the MiniBooNE official data release,
where the neutrino energy reconstruction comes from an official
Montecarlo simulation. No similar information is available for
LSND.
small active neutrino mixing with the KK modes and
typically small ∆m2KK for the relevant modes, as can be
seen in Table I. Moreover, we notice that the excesses,
for points 1 and 3, are found in the higher energy region,
Eν ∼ 400− 800 GeV. This is due to the ∆m2KK which is
typically at the eV2 scale or larger. As a final comment,
notice that to explain the LSND/MiniBooNE anomaly
(point 3), we are slightly off the disappearance data as
mentioned previously (see the magenta lines in Figs. 5
and 7). We would like to point out that this tension is
a common feature of sterile neutrino models which try
to address the LSND/MiniBooNE anomalies [58, 60, 61].
This originates in the fact that νe (νµ) disappearance de-
pends on 4|Ue4|2 (4|Uµ4|2) while the νµ → νe appearance
probability depends on 4|Ue4Uµ4|2, and thus a non-zero
appearance excess necessarily implies relevant νe and νµ
disappearance as well.
B. Future oscillation experiments
1. DUNE
The sensitivity of the Deep Underground Neutrino Ex-
periment (DUNE) to LED models without bulk mass
terms was estimated in Ref. [23]: extra dimensions with
R & (0.6 eV)−1 could be probed by DUNE for a mass-
less lightest active neutrino. This sensitivity is similar to
the current constraint coming from the MINOS experi-
ment. In Fig. 9, we present the near-to-far event ratio,
normalized to 1 in the absence of neutrino oscillations,
for the DUNE experiment, assuming similar far and near
detector acceptances, for the three benchmark points in
our scenario. In our simulation we have used the energy
resolution from Ref. [62], of about 7% at high energies
for νµ charged current (CC) events, and the νµ flux and
CC cross section from Ref. [63], together with a 5% nor-
malization uncertainty. † We assume a running time of
3.5 years in neutrino mode and a detector of 40 kton
fiducial mass. As expected, since the oscillation phase
varies slower, deviations from standard oscillations are
more easily observed at the high energy tail of the spec-
trum. Point 1 seems to be rather challenging to be tested
at DUNE. Points 2 and 3 have the potential to be probed,
but that requires a detailed statistical analysis. See for
example the DUNE sensitivity to point 3 in Fig. 11. Nev-
ertheless, as we shall discuss next, our model will likely
be first probed by the Fermilab Short-Baseline Neutrino
Program.
† Note that the DUNE sensitivity to LED in Ref. [23] was de-
rived using the energy resolution from DUNE CDR of about
20%/
√
E/GeV, which compared to Ref. [62] is slightly more ag-
gressive for Eν > 4 GeV and much more conservative otherwise.
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FIG. 8: ν¯e appearance spectrum at LSND (top), and νe ap-
pearance MiniBooNE for the neutrino (middle) and antineu-
trino (bottom) modes. The shaded histograms are the differ-
ent background components as indicated in the legend (taken
from Ref. [7] for LSND and Ref. [8] for MiniBooNE). Black,
green and magenta lines are for points 1, 2 and 3 in Table I,
respectively.
2. Short-Baseline Neutrino Program
The Short-Baseline Neutrino Program (SBN) at Fer-
milab consists of three detectors, LAr1-ND, MicroBooNE
and ICARUS-T600 with a distance from the target of
110 m, 470 m and 600 m, respectively. The MicroBooNE
experiment has started to take data and will be able to
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FIG. 9: Near-to-far ratio for the νµ → νµ disappearance
channel at DUNE. The red line is the expected ratio for the
standard 3-neutrino framework. The light red (blue) band
shows the 5% systematic (statistical) uncertainty assuming 3
years run. Black, green and magenta are the ratios for points
1, 2 and 3 in Table I, respectively.
SBND MicroBooNE T600
Event S/
√
B Event S/
√
B Event S/
√
B
Background 19800 1070 1940
Point 1 498 3.5 93 2.84 169 3.8
Point 2 54 0.38 11 0.34 21 0.47
Point 3 1320 9.4 251 7.6 456 10.4
3+1 best fit 151 1.1 167 5.1 417 9.5
TABLE II: Event excesses and the predicted significances for
the three detectors of the Short Baseline Neutrino Program
for the various benchmark points we adopted, and the 3+1
best fit to the global νµ → νe appearance data [58].
investigate the source of the excess observed by Mini-
BooNE. Sterile neutrino models that explain the Mini-
BooNE excess do not necessarily affect the oscillation
spectrum at LAr1-ND. However, in the LED+ frame-
work, towers of KK modes would contribute to the oscil-
lation spectrum at LAr1-ND. As a comparison, we show
in Fig. 10 the oscillation spectrum for the three bench-
mark points in LED+ and the best global fit point [58] in
a 3+1 sterile neutrino model which has ∆m241 = 0.42 eV
2,
sin2(2θµe) ≡ 4|Ue4Uµ4|2 = 0.013. We used a luminosity
of 6.6 × 1020, 1.32 × 1021, and 6.6 × 1020 protons on
target for LAr1-ND, MicroBooNE, and ICARUS-T600,
respectively. The event numbers predicted at the three
detectors for our benchmark points and the best-fit 3 + 1
sterile neutrino model are listed in Table II. By consid-
ering the spectra in Fig. 10 and the event excesses in
Table II at the three detectors, we observe that the SBN
program at Fermilab has an excellent potential to probe
LED+ models. This will be shown explicitly for a fixed
set of Yukawas, λi, in the next section.
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FIG. 10: νe appearance spectrum at SBN detectors: (top)
LAr1-ND, (middle) MicroBooNE, and (bottom) ICARUS-
T600. Full data set at these three detectors are assumed (see
text). The shaded histograms are the different background
components as indicated in the legend (taken from Ref. [32]).
Black, green, magenta and orange lines are for points 1, 2, 3
in Table I and the best-fit 3+1 sterile neutrino model, respec-
tively.
C. Summary of oscillation constraints and
sensitivities
To summarize the phenomenology of the model, we
illustrate present constraints and future sensitivities on
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FIG. 11: Present and future constraints, in the plane R×m0,
by MINOS (gray solid line), reactor short baseline experi-
ments (gray dashed line; 5% flux uncertainty is assumed),
DUNE (red dashed line) and for the Short-Baseline Program
at Fermilab (blue line; appearance mode only). For reference,
the light gray shaded region indicates large active-sterile mix-
ing, namely
∑
i(1 − |W 00i |2) = 0.3. In the dark gray shaded
region the approximation used to obtain ∆m221 and ∆m
2
31
fails.
LED+ in Fig. 11. For given values of R, the lightest ac-
tive neutrino masses m0 and, as an example, a fixed set
of λi = (0.42, 2.4, 1.7) we calculate the values of ci in
order to obtain the solar and atmospheric squared mass
splittings. To perform this calculation we approximated
the active neutrino masses using perturbation theory and
Eqs. (7) and (13). We present the estimated allowed re-
gion at 2σ level to the left of the corresponding line by
the MINOS experiment (gray solid line) and 5% devi-
ation from the ratio of the observed event numbers to
the SM prediction at reactor short baseline experiments
(grey dashed line) in the plane R − m0; as well as the
projected 2σ sensitivities for the DUNE experiment (red
dashed line) and for the Short-Baseline Program at Fer-
milab (blue line). For the latter, we used only the ap-
pearance channel. As a reference, our benchmark point
3 is shown with the red dot. We also indicate the re-
gion in which the active-sterile mixing is large (light gray
shaded), parametrized by
∑
i(1 − |W 00i |2) ≥ 0.3; as well
as the region in which our approximation for the evalu-
ation of the solar and atmospheric mass splittings is not
valid (dark gray shaded region). Fig. 11 highlights the
potential of the near future neutrino Fermilab program
in probing LED+ models.
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D. Kinematic Constraints
The limit on the effective electron neutrino mass from
the Mainz experiment on Tritium decay is given by [64],
mβ ≡
√√√√ 3∑
i=1
|Uei|2m2i < 2.3 eV, (20)
for three active neutrinos. This bound comes from the
analysis of the last 70 eV below the endpoint energy
Q = 18.572 keV of the Tritium β spectrum. In our case,
since we have KK modes heavier than 1 eV, the above
approximation fails (see e.g. Ref. [65]) and the electron
β decay spectrum needs to be calculated exactly. This
spectrum is given by
β(Ke, Q, |Uei|, |mν |) = NsF (Z,Ke)Eepe× (21)
×
∑
i,j
Piξi|Uej |2
√
ξ2i −m2j θ(ξi −mj)
where Ke, pe and Ee are the electron kinetic energy, mo-
mentum and total energy, respectively. F (Z,Ke) is the
Fermi function and we will approximate it as a constant
for a non-relativistic electron [66]. The energy window
ξ is defined as ξi = Q − wi − Ke, where wi and Pi are
the excitation energy and transition probability for the
excited state i of the daughter nucleus, respectively. The
detailed evaluation of the electron spectrum is given in
Appendix C.
To estimate the sensitivity of the Mainz experiment
to our model, we define the deviation from the standard
3-neutrino predicted rate of events SSM , for normal or-
dering and massless ν1, as
δR = 1− S
SSM
, (22)
where S is the rate of events in our model. The results are
presented in Table III. For comparison, we also show δR
for a 3+1 sterile neutrino model with ∆m2e4 = 10.2 eV
2
and mixing angle sin2 θe4 = 0.50 (labelled Sterile I),
which is marginally constrained by the Mainz experi-
ment [64]. As follows from Table III, the three data
points in our model are less constrained than Sterile
I data point. Compared to point 1 and point 3, point
2 predicts smaller deviation from the Standard 3-active
neutrino model prediction, due to their lighter KK modes
and smaller active neutrino mixing with KK modes.
The future KArlsruhe TRItium Neutrino (KATRIN)
experiment [33] will significantly improve the Mainz ex-
periment bounds. For instance, it can probe a 3 + 1
sterile neutrino model with ∆m241 = 10.2 eV
2 and the
mixing angle sin2 θe4 = 0.0045 [65]. We also include this
reference point (Sterile II) in Table III. We expect that
KATRIN will be able to test the three benchmark points
in our model and probe a significant region of the LED+
parameter space. It would be also interesting to study
Sterile I Sterile II P1 P2 P3
105 × δR 156 1.40 80.8 19.3 118
TABLE III: Deviation δR from the standard 3-neutrino
predicted rate of events for normal ordering and massless
ν1, for the three benchmark points and for two reference
points in a 3 + 1 sterile neutrino model. Sterile I, with
∆m241 = 10.2 eV
2 and sin2 θe4 = 0.50, is constrained by the
Mainz experiment, while Sterile II, with ∆m241 = 10.2 eV
2
and sin2 θe4 = 0.0045, will be constrained by KATRIN.
the effect of LED+ on the shape of beta spectrum which
is discussed for LED model in [67] if KATRIN would
cover the entire beta spectrum [68]. We leave this to a
future work.
IV. OTHER CONSTRAINTS
A. Constraints from Higgs decay
The decay of the Higgs boson h into a single KK mode
is suppressed by the effective Yukawa coupling. However
the total width is enhanced by summing over all KK
modes, where the approximate number of modes, e.g. in
a single extra dimension model, is given by N ∼ MhR.
We calculate the h decay width to all possible KK modes
in the following. Neglecting the kinematic factor, the
partial decay width to KK modes coming from d extra
dimensions is
Γh ∼
3∑
i=1
min<Mh∑
n=0
Mh
16pi
(Y in)
2 (23)
∼ Mh
8pi
3∑
i=1
λ2i
Md5 Vd
d∏
k=1
(MhRk) (24)
∼ Mh
8pi
3∑
i=1
λ2i
(
Mh
piM5
)d
(25)
where Vd is their volume. For d = 2, M5 = 10
6 GeV, and
λi ∼ O(1) we obtain Γ(h → KK modes) ∼ 10−7 MeV.
Therefore the h decay width to KK neutrinos will not
put any bound in LED+.
B. Constraints from nucleosynthesis and supernova
The presence of light KK modes can have an impor-
tant impact on cosmological observations. For instance,
nucleosynthesis data prefer the number of fully thermal-
ized light species to be Neff < 4 even after doubling the
systematic uncertainties [69]. In Ref. [20], for LED with-
out bulk masses and in the approximation of no matter
asymmetry, it is shown none of the KK neutrinos are in
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thermal equilibrium with the plasma at MeV tempera-
tures. The reason is that the matter effect induced by
the plasma suppresses the mixing angles which are al-
ready small. In LED+ models, these mixings are even
smaller for the light KK modes, which may help evade
nucleosynthesis bounds. Summing over the energy den-
sity stored in all of these out-of-equilibrium KK neutrinos
has large uncertainties and more work needs to be done to
conclude whether BBN data will constrain the parameter
space of LED+ with interesting neutrino phenomenology.
In addition to cosmological bounds, astrophysical pro-
cesses may be affected by the presence of light sterile neu-
trinos. One well known example is supernova explosion.
In particular, SN1987a [70] is likely to put constraints
on R since KK modes may carry away too much energy
in the invisible channels from the supernova, thus mod-
ifying its evolution [20]. However, non-linear effects like
collective neutrino oscillations [71] are still not well un-
derstood, and thus no robust bound can be derived on
LED+ from these considerations.
V. CONCLUSIONS
In this article we have studied the properties of ster-
ile neutrinos propagating in large extra dimensions with
a bulk mass term of the order of 1/R. By adding bulk
masses to the standard LED scenario, the pattern of KK
sterile neutrino masses and mixings can be significantly
distorted. While in LED models the first KK mode dom-
inates the oscillation phenomenology, and one can ap-
proximate the LED model by a specific 3+1 scenario, in
LED+ models the mixings with the first KK modes can
be suppressed by the bulk mass terms. This increases the
relative importance of the higher KK modes and leads to
distinct oscillation signatures. In LED+, the correspon-
dence with a 3+1 scenario is lost: a large number of KK
modes needs to be considered in order to obtain a rea-
sonable approximation of the oscillation probability.
We have shown that the LED+ framework provides
a well defined and testable scenario that has rele-
vant implications for neutrino oscillation experiments.
It has the potential to address the observed anoma-
lies in short baseline neutrino experiments, namely the
LSND/MiniBooNE anomalous νµ → νe appearance spec-
tra, as well as the reactor and Gallium νe disappearance
anomalies. We expect that the LED+ framework will be
tested at the Short-Baseline Neutrino Program at Fer-
milab, and may also have an impact on the DUNE ex-
periment, that may then provide additional evidence for
such scenario. Moreover, the KATRIN experiment will
be able to probe a significant region of the LED+ param-
eter space.
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Appendix A: Fermions in the Linear Dilaton metric
The Linear Dilaton (LD) metric is given by,
ds2 = e
2k|z|
3 (ηµνdx
µdxν − dz2), (A1)
where we use the mostly-plus convention for the flat met-
ric ηµν and we assume k > 0 (as argued in Ref. [72], neg-
ative k are equivalent to positive k by coordinate trans-
formations).
The dimensional deconstruction of the 5D model (with
a bulk mass term) based on this metric leads to the
“clockwork mechanism” [72, 73] which was explored in
several applications e.g. [31, 74, 75]. In the following, we
are going to show that from the 5D perspective, fermions
in the LD metric with a bulk mass can be put in equiv-
alence with fermions in the LED with a bulk mass (see
also [31]). The IR brane containing the SM fields is put
at z0 = 0 and the UV brane at zf = piR. The 4D Planck
scale MPl is related to the 5D Planck scale M5 by the
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following equation:
M2Pl = 2
∫ piR
0
dz ekzM35 =
2M35
k
(ekpiR − 1). (A2)
Notice that the relation between MPl and M5 in LD is
not equivalent to LED, see Eq. (9). Let us consider a
fermion ψ with a bulk mass term M(z),
Sf =
∫
d4x dz
√
g
[
eMA iΨ¯0Γ
A
↔
∂MΨ0 −M(z)Ψ¯0Ψ0
]
,
(A3)
with the vierbein eMA = e
− 13kzδMA and Γ
A = (γµ, iγ5).
The spin connection has been dropped since its contri-
bution cancels in our case [76]. To satisfy the S1/Z2
symmetry, M(z) must be odd under reflection: M(z) =
−M(−z). In addition, to canonically normalize the ki-
netic term, we use the field redefinition
Ψ0 = e
− 2kz3 Ψ. (A4)
The action is then written as,
Sf =
∫
d4x
∫ piR
0
dz
[
iΨ¯γµ
↔
∂µΨ− Ψ¯γ5
↔
∂zΨ− e kz3 M(z)Ψ¯Ψ
]
.
(A5)
If M(z) = 0, the KK spectrum and wave functions are
the same as those in LED without bulk mass. For the
zero mode, this wavefunction is flat. In the LD metric
we can see that the curvature does not help to localize
this mode.
If we assume a non-zero bulk mass M(z) for the LED
or LD metrics, we can get that the zero mode is non-flat
in both cases. In particular, if we identify M(z)e
kz
3 in
Eq. (A5) with c in Eq. (1), we can conclude the equiva-
lence between LED+ and LD with a corresponding bulk
mass. In the case of gravitons it is possible to show that
in the curvature in LD works as a mass term [77] which re-
inforces the particular behavior of this metric. As a final
comment, by having a small value for k (about eV scale),
one could obtain M5 = 10
6 GeV for R ∼ O(1/eV). This
small k is not unnatural as it is protected by the dilaton
shift symmetry [72].
Appendix B: Minimal flavor violation realization
In order to reduce the number of free parameters in our
model and simplify the analysis, we assume a minimal
flavor realization of the Yukawas and bulk mass terms
as follows. In the flavor basis, Eq. (1) and the Yukawa
terms in Eq. (8) are written as
Sf =
∫
d4x dz
[
iΨ¯αΓ
A
↔
∂AΨα − CαβΨ¯αΨβ
]
,
SY = −
∫
d4x
3∑
i=1
( Yαβ√
M5
L¯αH˜Ψ
R
β (x
µ, 0) + h.c.
)
.
(B1)
To have both Cαβ and Yαβ diagonalized simultaneously
in the “intermediate basis” by the rotation in Eq. (10),
we consider Cαβ to be a polynomial of Y†Y,
Cαβ =
[∑
a
Ma(Y†Y)a
]
αβ
, (B2)
where Ma are dimensionful coefficients. Then we have
ci =
∑
a
Ma(λ2i )a. (B3)
Different values ofMa were chosen to get the parameters
we used in our simulation. For example, we have set
M0 = −0.44 eV, M1 = 3.9 eV,
M2 = −2.6 eV,Ma>2 = 0 eV (B4)
to get the bulk mass values used for point 2. Without loss
of generality we have neglected higher order contributions
to ci.
Appendix C: Details for kinematic constraints
We present here some details of the beta decay rate
calculation used in Section III D. Using Eq. (21), the rate
S of the electrons passing the potential barrier Uq and
arriving at the detector is given by
S =
∫ ∞
0
β(Ke, Q, |Uei|, |mν |)T (Ke, qU)dKe, (C1)
where T (Ke, qU) is the transmission function. We use the
following approximation to get a conservative estimate of
S,
T (Ke, qU) =
{
1 if Ke > qU
0 if Ke < qU
. (C2)
In addition, we approximate β(Ke, Q, |Uei|, |mν |) as fol-
lows:
β(Ke, Q,|Uei|, |mν |) ' C
√
(Q− ξ)ξ× (C3)
×
3∑
j=1
∞∑
n=0
|Uej |2|W 0nj |2
√
ξ2 −m2j,n θ(ξ −mj,n),
14
where we assumed that the daughter nucleus is in
the ground state with ξ = Q − Ke and we used
the non-relativistic relation for electron momentum,
pe '
√
2meKe (me is the electron mass). C '
NsF (Z,Ke)Ee
√
2me is approximately a constant. We
obtain the expected event rate S by integrating over
1 eV < ξ < 70 eV, which is equivalent to set the potential
barrier qU = Q− 70 eV.
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